Abstract Fetal alcohol spectrum disorder (FASD) is estimated to occur in 1 % of all live births. The developing cerebellum is vulnerable to the toxic effects of alcohol. People with FASD have cerebellar hypoplasia and developmental deficits associated with cerebellar injury. Choline is an essential nutrient, but many diets in the USA are choline deficient. In rats, choline given with or following alcohol exposure reduces many alcohol-induced neurobehavioral deficits but not those associated with cerebellar function. Our objective was to determine if choline supplementation prior to alcohol exposure would ameliorate the impact of ethanol on a cerebellarassociated behavioral test in mice. Pregnant C57Bl6/J mice were maintained on a choline-deficient diet from embryonic day 4.5. On postnatal day 1 (P1), pups were assigned to one of eight treatment groups: choline (C) or saline (S) pre-treatment from P1 to P5, ethanol (6 g/kg) or Intralipid® on P5, C and or S post-treatment from P6 to P20. On P30, balance and coordination were tested using the dowel crossing test. Overall, there was a significant effect of treatment and females crossed longer distances than males. Ethanol exposure significantly reduced the total distance crossed. Choline pre-treatment increased the distance crossed by males, and both pre-and posttreatment with choline significantly increased total distance crossed for females and males. There was no effect of choline on Intralipid®-exposed animals. This is the first study to show that choline ameliorates ethanol-induced effects on balance and coordination when given before ethanol exposure.
Introduction
Fetal alcohol spectrum disorder (FASD) covers a range of physical and developmental anomalies that result from exposure to ethanol during pregnancy. FASD is suspected to affect 1 % of all live births [1] . Fetal alcohol syndrome (FAS), the most severe manifestation of FASD, is the leading known cause of mental retardation in the western world [2] . The incidence of FAS is conservatively estimated at 0.97/1000 births [2] and may be as high as 43/1000 live births to heavily drinking pregnant women [3] . Abnormalities in the cerebellum were first noted by Jones and Smith from the autopsy of a child with FAS [4] . Reduced cerebellar volumes in FASD patients have since been noted in multiple studies [5] [6] [7] [8] [9] . Along with these cerebellar structural defects, cerebellar function is also perturbed by prenatal ethanol exposure. Children and adults with FASD have cerebellar dysfunction; including alterations in gait, postural balance, motor coordination and eyeblink conditioning [10] [11] [12] .
Animal work confirms the findings in humans. Cerebellar Purkinje cells are particularly vulnerable to ethanol-induced death or damage during the postnatal period in the rat [13] [14] [15] , and the numbers of both cerebellar Purkinje cells and cerebellar granule neurons are significantly reduced [16] . The developing cerebellum appears especially vulnerable to a single dose of alcohol around postnatal day (P) 5 with parallel losses in Purkinje and granule neurons [17, 18] . Cerebellardependent behavioral changes are also seen following ethanol exposure during the postnatal period including deficits on parallel bars, eyeblink conditioning, and dowel crossing [19] [20] [21] [22] .
Choline, lecithin (phosphatidylcholine), and citicholine (cytidine diphosphate-choline) have been investigated as cerebroactive drugs since the early 1980s [23] . The effect of choline on ameliorating the effects of developmental alcohol exposure was first described by Thomas et al. [24] . Choline ameliorates some behavioral effects of ethanol when it is given either concurrently or after the ethanol exposure; for example, it can improve discrimination learning, hyperactivity, and trace eyeblink conditioning [19, [24] [25] [26] [27] [28] . However, this treatment does not have an effect at mitigating the effects of ethanol on two cerebellar-dependent behaviors: delay eyeblink conditioning and motor coordination [19, 29] .
Choline can also protect against structural and biochemical deficits caused by ethanol exposure. In an in vitro model of cerebellar granule neurons, ethanol decreases L1 cell adhesion molecule (L1)-dependent neurite outgrowth and downstream signaling [30] [31] [32] . Supplementation with choline prior to ethanol exposure shows improved neurite outgrowth and signaling in the presence of ethanol [30] . We conducted the current study to determine if choline supplementation prior to an acute exposure to ethanol on P5 would reduce the effects of ethanol on the dowel crossing test, a test of balance and coordination that relies heavily on normal cerebellar function in mice [21] .
Methods

Animals: Prenatal Treatment
C57Bl6/J mice were maintained in an AAALAC-accredited facility at the University of Maryland School of Medicine. Rooms were temperature controlled (22°C) with a 12-h light/ dark cycle (lights on 07:00 to 19:00). All procedures were performed with prior approval of the Institutional Animal Care and Use Committee (IACUC) at the University of Maryland, Baltimore and were in accordance with guidelines for animal care established by the National Institutes of Health.
Mice were pair housed, one female and one male. Females were checked daily for signs of a sperm-positive plug. The first morning a plug was seen was designated embryonic day (E) 0.5. From E4.5 until pups were weaned on postnatal day (P) 21, dams were given a choline-deficient pellet diet (518753, Dyets, Bethlehem, PA). After weaning, dams were put back on normal diet for one week before another cycle of mating. Pups were kept on the choline-deficient pellet diet until the test day.
Postnatal Animals: Pre-exposure Treatment Within 2 days of birth, pups were pseudorandomly assigned to one of eight groups such that a maximum of one male and one female from any litter was assigned to a single group. Postnatal treatments were a 2 (pre-exposure)×2 (exposure)×2 (postexposure) design: treatments prior to ethanol administration were saline (10 μl of normal saline (0.09 % sodium chloride)) or choline (10 μl of 18.8 mg/ml choline chloride; C7527, Sigma, St. Louis MO) given subcutaneously once per day from P1 to P5 (day of birth=P0) at 9 a.m.
Postnatal Animals: Exposure
Exposure was ethanol (6.0 g/kg) or Intralipid® (I-141, Sigma) given in two divided doses 2 h apart via intragastric gavage on P5, 1 h after the choline or saline injection. Ethanol solution was prepared to a final concentration of 13.6 % (v/v) in Intralipid®, and the ethanol-free solution was made isocaloric by adding 202 mg maltose-dextrin to Intralipid®. All pups were removed from the dam and placed on a 37°C heating pad for 10 min while the whole litter was gavaged. Each pup was gavaged with a sterile Clay Adams 7401 tube connected to a Hamilton syringe. The tip of the tube was dipped in corn oil (Sigma) for lubrication, then the tube was gently guided down the esophagus into the stomach and the feeding solution was slowly injected. Pups were returned to the dam immediately after the last animal was gavaged. This process was repeated for the second dose of ethanol. It took approximately 10 min to gavage each litter; 100 % of animals survived the day of ethanol administration.
Postnatal Animals: Post-exposure Treatment
Treatments were saline or choline chloride as above given once per day from P6 to P20.
Blood Alcohol Concentrations
Four animals were gavaged with ethanol as above, and were euthanized at 2 or 4 h after the second gavage and blood ethanol concentration was determined by Ethanol L3K (Diagnostic Chemicals Limited, PE, Canada).
Dowel Crossing Test
Six animals per sex per treatment group were tested on P30. They were habituated to a testing room lit with a red light for at least 1 h prior to testing. The balance apparatus consisted of a horizontally oriented dowel rod (0.635 cm diameter × 120 cm length) that was marked at 3 cm intervals and was suspended approximately 75 cm above a plastic covered cushion inside of a catch box (90×42×17 cm). A darkened escape goal box (21×10×17 cm) was affixed at one end. Prior to the first trial, subjects were placed 9 cm from the goal box and allowed to enter and habituate to the goal box for 1 min before returning to the home cage for a 30-s inter-trial interval.
Subjects were given five trials to cross the dowel rod. During each trial, the animal was placed facing the goal box on the rod at the 111-cm mark start position and allowed to travel on the rod to the goal box. Each trial ended when the mouse fell or slipped and hung suspended from the dowel. For mice that reached the goal box, they were given 10 s in the goal box before being re-positioned at the start and allowed to cross again. Following five trials, mice were returned to the home cage. The distance traveled for each of the five trials was summed to give total distance traveled (cm). The total distance traveled was used as an achievement dependent measure.
Statistics
All data are reported as the mean±standard error of the mean. Body weight data were analyzed independently for each age using a two-way analysis of variance (ANOVA) with the factors sex and treatment group. For the dowel crossing data, an initial two-way ANOVA was run (sex and treatment group as factors) with follow-up one-way ANOVAs within sex. Data were then further broken down into four groups defined by sex and exposure on P5. One-way ANOVAs were run to test the a priori hypothesis that choline treatments would improve outcomes in ethanol exposed animals but not in control animals. Where ANOVA identified a significant effect, post hoc pairwise testing was done using the Fisher's Least Significant Difference test to minimize possibility of a Type II error (Bfalse negative^; [33] ). For nonparametric data, one-way ANOVA on ranks was run using the Kruskal-Wallis test, followed by post hoc Mann-Whitney U tests. For all tests, statistical significance was set to alpha ≤0.05. Statistical software was SigmaPlot v.12.3 (Systat Software Inc., San Jose CA).
Relevant comparisons among the eight treatment groups were considered to be those comparisons between groups sharing the exposure condition (i.e., within Intralipid® or ethanol groups) or if they shared the pre-and post-exposure conditions (e.g., SIC vs. SEC). Other comparisons (e.g., SIS vs. SEC) are not described.
Results
Litter size ranged from four to seven pups per litter and 44 % of pups were male. A two-way ANOVA on body weight at P5 showed no effect of sex or treatment group and no interaction between the factors at this age (Table 1) . A two-way ANOVA on body weight at P30 showed a significant effect of sex at this age (F 1, 80 =7.223; p=0.009); overall, males were significantly (p<0.05) heavier than females at P30 (16.41±0.34 and 15.28±0.30 g, respectively). There was no effect of treatment on body weight at this age nor was there an interaction between sex and treatment.
Blood Alcohol Concentration
Blood alcohol concentration was 517±55 mg/dl at 2 h postexposure and 397±12 mg/dl at 4 h post-exposure.
Dowel Crossing
A two-way ANOVA on the total distance crossed showed that females cross significantly longer distances than males (F 1, 80 =4.749; p=0.032), and that there was a significant effect of treatment group (F 7, 80 =13.774; p<0.001). A two-way ANOVA (male/female and saline/choline) within the intralipid groups has an F value of 2.365 (p=0.085), showing that choline did not have a significant effect on total distance crossed in the unexposed to ethanol group. Subsequent analyses were conducted on male and female animals separately. Figure 1 shows total distance traveled for each treatment group for each sex. Table 2 shows p values for all relevant comparisons.
Females
A one-way ANOVA on ranks using all female data found a significant difference among the treatment groups (F 7, 40 = 12.093; p<0.001; Table 2 ). Multiple differences were identified, but we only report the relevant comparisons (as defined above).
First, we performed a pairwise comparison of the effect of ethanol on each of the four treatment groups (S or C preexposure, S or C post-exposure; Table 2 ). Ethanol significantly reduced total distance within each treatment group.
Next, we investigated the effect of choline on Intralipid® exposed female animals. There was no significant difference (F 3, 20 =2.549; p=0.085) among the Intralipid®-exposed female groups.
Within the female treatment groups exposed to ethanol on P5, there was a significant effect of treatment (F 3, 20 =8.831; p<0.001). Choline supplementation before and after ethanol treatment significantly increased distance traveled compared with any other group. Choline supplementation prior to ethanol did not reach statistical significance (p=0.056). Choline supplementation post-ethanol exposure had no effect on dowel crossing.
Males
A one-way ANOVA identified significant differences among the groups (F 7, 40 =4.043; p=0.002). A pairwise comparison of each treatment group for ethanol effect showed a significant effect of ethanol for two treatment groups; the choline pretreatment, saline post-treatment group (CIS vs. CES; p= 0.004) and the saline pre-treatment, choline post-treatment group (SIC vs. SEC, p=0.010). There was no significant effect of ethanol on the saline pre-/post-treated groups or the choline pre-/post-treatment groups.
To investigate if choline supplementation itself had an effect on dowel crossing, we performed an ANOVA on all Intralipid® treatment groups. There was no significant difference between these groups (F 3, 20 =0.830; p=0.493).
To investigate the effect of choline supplementation on ethanol-induced reduction in total distance crossed, we performed a pairwise comparison of each treatment group in the ethanol exposed male animals ( Table 2 ). Animals supplemented with choline both pre-and post-ethanol exposure crossed significantly longer distances than any other ethanol exposed group (p<0.001, <0.001, =0.029 respectively). The choline pre-ethanol group crossed significantly longer distances than either the unsupplemented group (p=0.009), or the group that received choline supplementation post-ethanol exposure (p= 0.036). The group that received choline only after the ethanol exposure did not significantly increase the distance traversed on the dowel rod (p=0.522).
Discussion
The major finding of our study was the result that supplementation with choline prior to ethanol could result in significant improvements in balance and coordination as demonstrated by the dowel crossing task in mice. Animals exposed to ethanol on P5 were impaired on the dowel crossing task for total distance crossed. Choline treatment prior to ethanol exposure resulted in a significant improvement in males on the total distance crossed in the dowel crossing test. Choline treatment both before and after ethanol exposure significantly improved dowel crossing in both sexes. Choline supplementation of Intralipid® exposed animals had no effect on total distance traveled in either sex. Group is shown as pre-exposure/exposure on P5/post-exposure. Data are the mean±SEM; n=6/group S saline, C choline, I Intralipid®, E ethanol Fig. 1 Total distance crossed in the dowel crossing test for female and male mice. Dams were placed on a choline-deficient diet on embryonic day 4.5 until pups were weaned. Pups were kept on the choline-deficient diet until tested. Pups were given five trials of traversing the dowel. The length of dowel crossed for each of the five trials was added to give the total distance traveled. Females crossed significantly longer distances than males for each treatment group; therefore, the graphs represent the effect of treatment group within each sex. Treatment group: XYZ-X is either saline (S) or choline (C) from P1 to P5; Y is either Intralipid® (I) or ethanol (E) on P5; Z is either saline (S) or choline (C) from P6 to P20. The bars represent the mean total distance for each treatment group (n=6)± SEM. Statistical analysis is shown in Table 2 The dowel crossing test is a test of balance, motor coordination, and motor learning and is an adaptation of the beam walking test. It has been suggested that dowel crossing is more sensitive than the rotarod test at assessing motor coordination [34] . Motor coordination relies on multiple brain regions including motor, vestibular, and somatosensory systems. It is also heavily dependent on the cerebellum, as evidenced by the prevalence of motor coordination deficits in cerebellar mutant mice (e.g., Bosch et al. [35] ). The ethanol exposure paradigm used in this study affects cells in multiple parts of the mouse brain, including those described above [36] [37] [38] . Regardless of which regions underlie the ethanol-induced behavioral deficit seen here, we show that choline can partially ameliorate this damage if given before ethanol exposure in males and both before and after the exposure to ethanol in both sexes. This finding is in contrast to previous work where choline was given either with or following an ethanol exposure [20, 29] . Using rat pups dosed with 5.25-6.6 g kg
of ethanol, choline given either concurrently or following the ethanol exposure showed improvements in a variety of behavioral tests including activity level, spatial discrimination reversal learning, Morris water maze and trace fear conditioning [19, 20, 24, 26, 27] . However, no effect on the impact of ethanol on parallel bar motor coordination or delayed eyeblink conditioning was found [20, 29] . This is the first report where choline is given prior to ethanol administration, and it significantly improves balance and motor coordination. Despite females crossing a statistically significant longer distance in the dowel crossing test, both males and females were equally affected by ethanol exposure; in both sexes, the distance crossed was reduced to approximately 9 % of control animals (SIS). In males, choline given before ethanol improved the distance crossed to 56 % of SIS animals and choline before and after improved performance to 93 % of SIS. In females, choline prior to ethanol only improved performance to 33 % of SIS, and choline before and after resulted in an improvement to 65 % of SIS. It is interesting that the effect of choline appears to be different between the two sexes. Prior studies using choline to ameliorate the effects of ethanol have shown no sex difference [19, 20, 24, 26, 27] . The sex Bold entries indicate significant effect difference may be due to the pre-treatment strategy used here, or an effect on the cerebellum specifically. More investigation into this difference is needed. This is the first study to show that mice exposed to ethanol in the first postnatal week show behavioral deficits that can be partly ameliorated by choline. The advantage of using mice is that further studies to elucidate the mechanism of the protective effects of choline can use genetic manipulation to achieve this goal. The blood alcohol concentrations achieved with this model are similar to those reported in both rats and mice [37, 39, 40] and are similar to our previously reported concentrations in P6 rat pups [41] . Ikonomidou et al. found that neuroapoptosis was not increased in rat pups unless the blood alcohol concentration was greater than 200 mg/dl [41] . Even at these blood alcohol concentrations, no mouse pup died on the day of ethanol administration when peak blood alcohol concentrations would have occurred. It is therefore even more significant that at these high levels, choline supplementation had a significant protective effect.
Choline is an essential nutrient with many roles. It is important in cellular membranes, synthesis of methionine, methylation of a wide range of molecules, and neurotransmission [42] . Choline can be metabolized by three different pathways: (1) choline can be phosphorylated to phosphocholine by the choline kinases (CKα, CKβ), of which CKα is the most important in the developing nervous system [43, 44] . Phosphocholine is the precursor for both phosphatidylcholine and sphingomyelin, major constituents of the plasma membrane. These choline metabolites can be modulated by dietary choline [45] . (2) Choline can also be oxidized by choline dehydrogenase to betaine which is a precursor to methionine and is a 1-carbon donor for methylation via Sadenosylmethionine (SAMe) [46] . (3) Choline can be acetylated by choline acetyltransferase to acetylcholine, a major neurotransmitter in the forebrain and hippocampus [47] . The lack of return to control in the dowel crossing test of choline treated mice makes determining the mechanism of the effect of choline even more important so that better prevention can be obtained.
In our study, mice were placed on a choline deficient but methionine sufficient diet to model the human situation, where diets deficient in choline are common. The recommended dietary allowance (RDA) for choline is 425 mg/day for women and 500 mg/day for men. Pregnant and lactating women have higher RDAs of 450 and 550 mg/day, respectively. Less than 10 % of the adult population attained these RDA in the National Health and Nutrition Examination Survey (NHANES) 2003-2004 [48] . The mean average daily intake for adults was 302 mg/day in the 2007-2008 NHAN ES [49] .
The choline content of rodent chow is variable. Unlike commercial rodent food in which choline content is not controlled, we used the AIN-76A diet without added choline. AIN-76A was formulated to permit standardized studies using a nutritionally adequate diet in rats and mice and contains both added choline and methionine (http://www.researchdiets.com/ opensource-diets/stock-diets/ain-diets). Previous studies using this diet without added choline showed a significant reduction in phosphocholine and betaine in livers of pregnant dams [50] . There was no reduction in phosphatidylcholine. The diet is adequate for methionine and hence the availability of 1-methyl donors derived from methionine. Thus, the use of this diet allowed us to more accurately control baseline levels of choline in the diet.
Our main purpose in pursuing these studies was to examine the effects of choline pre-treatment on the effects of ethanol exposure. We have previously shown that choline supplementation of tissue culture media prior to ethanol exposure significantly ameliorates the effects of an acute ethanol exposure on L1-dependent neurite outgrowth and lipid raft-dependent signaling in cultured rat cerebellar granule neurons [30] . However, previous studies on the effect of choline supplementation on rat behavior used choline supplementation with or after exposure to ethanol which did not match the experimental design of our biochemical studies [19, 20, [24] [25] [26] [27] [28] . In addition, the reported beneficial effects of choline supplementation with or post-ethanol exposure did not include cerebellar-mediated tasks [19, 29] . Our results show a beneficial effect of choline supplement prior to ethanol exposure on cerebellar function. Our results support the hypothesis that improved choline intake throughout pregnancy may have significant benefits to women exposed to ethanol, whether by drinking behaviors or from the various other sources of ethanol exposure. Thus, the results of this study have important implications for interventions to prevent or ameliorate the effect of prenatal ethanol exposure on neurodevelopment.
